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Local magnetic moments at iron ~001! surfaces have been studied by electronic structure calculations
employing the slab geometry up to 17 layers. Whereas the clean Fe~001! surface shows oscillations in the local
magnetic moments, no oscillations were observed in the case of coverage by a monolayer of gold, in sharp
contrast with the gold/iron multilayer system, where they reappear. The screening effect of the oscillatory
behavior on Fe~001! surfaces is very local: Fe~001! surface covered with a submonolayer of gold shows
oscillations for the noncovered parts of the surfaces. @S0163-1829~98!02136-5#INTRODUCTION
The electronic structure of the iron ~001! surface has been
studied quite extensively, both experimentally and
theoretically.1–4 Of special interest are the deviations of the
total magnetic moments at the surfaces as compared with the
bulk. Early experiments showed a magnetic ‘‘dead’’
surface,5,6 in contradiction with band structure calculations,
which showed an enhancement of the magnetic moment at
the surface.7,8 More recently, photoelectron spectra9 and
Mo¨ssbauer experiments10 confirmed the enhancement of the
moments at the surface.
One of the noble metals that matches very well on the
Fe~001! is gold. Since it forms no solid solutions with iron
the Au-Fe system has been studied extensively.11,12 Also,
gold layers are being used to protect iron from oxidation.
Application of iron in a ~spin-resolved! scanning tunnel mi-
croscope is actively being investigated.3,4,13 In view of this,
the magnetic properties of the Fe~001! clean surface and gold
covered deserve attention.
Another important question is how the surface properties
evolve into the bulk behavior as a function of the distance
from the surface. Wang et al. found strong oscillatory behav-
iors for both charge and magnetic moments for the clean
Fe~001! surface.1,7 Subsequently, Ohnishi et al. found no
charge oscillations and reduced magnetic moment oscilla-
tions, which was interpreted to arise from the slab
approximation.8,14
DETAILS OF THE CALCULATIONS
Ab initio band structure calculations were performed in
the slab supercell approach with the localized spherical wave
method.15 Since the magnetic properties are sensitive to the
Brillouin zone sampling, a dense mesh of 1 k-point per
1026 Å3 was employed. In order to allow comparison of
charge and moments, Wigner-Seitz radii that deviate negli-
gibly from the bulk values were employed. A series of cal-
culations were performed on the clean iron ~001! surface in
order to investigate the influence of the slab approximation
on the magnetic properties. These comprised of 11 mono-PRB 580163-1829/98/58~11!/6772~3!/$15.00layer ~ML! of iron with 9 ML of vacuum ~empty spheres!
~1119! as well as ~715! and ~517! systems. The influence
of the vacuum layer was studied on the system of 11 ML of
iron with interslab distances from 2.2–14.8 Å. The gold cov-
ered Fe~001! was studied on a system with 17 ML iron, 2
ML gold, and 9 ML vacuum, with gold in the ~110! orienta-
tion. The partial gold coverage was simulated by doubling
the cell in one or two directions perpendicular to the surface
direction with only one of the gold position occupied. A
gold/iron multilayer was calculated as reference consisting of
11 ML Au and 9 ML Fe.
CLEAN IRON 001 SURFACE
First the convergence as a function of the thickness of the
iron slab is considered. In Fig. 1 the magnetic moments and
the charge for majority and minority Fe 3d states are given
as a function of depth from the surface for the ~1119! and
the moments for the ~715! system. Although the outermost
iron layers are remarkably identical the innermost Fe layers
in the case of the ~715! system deviate clearly from the bulk
iron. The central layers in the case of the ~1119! calculations
FIG. 1. Number of Fe 3d electrons for the majority-spin direc-
tion ~a! and minority-spin direction ~b!. ~c! Magnetic moments from
the surface to the center for the ~1119! ~filled circles! and ~715!
system ~open circles!.6772 © 1998 The American Physical Society
PRB 58 6773BRIEF REPORTSapproximate bulk iron much better. This leads to the conclu-
sion that the surface electronic structure is less sensitive to
the slab approximation than the bulk properties. The mag-
netic moments converge slower to the bulk value than the
charge: whereas the charge is reasonably converged to the
bulk value from the third layer, the magnetic moment
reaches the bulk value from the fifth layer. In order to test the
influence of the thickness of the vacuum slab in between the
iron slabs a series of calculations were performed with the
interslab distances between 2.2–14.5 Å. With increasing in-
terslab distances the magnetic moment of the surface iron
layer increases until a maximum is reached of 2.95 mB at
2.87 Å. Beyond this distance the moment drops to a value of
2.91 mB at 6 Å and remains constant beyond. Unless stated
differently, the remainder of this report is based on the re-
sults for the ~1119! system.
The outermost iron layer loses about 0.50 electrons from
mainly the delocalized 4s and 4p states: 0.32 electrons are
transferred to the vacuum as compared with the bulk and
0.17 electrons are donated to the subsurface layer, which is
negatively charged. A strong oscillatory behavior is found
for the magnetic moments, originating from an additional
charge transfer from the minority 3d to the majority 3d
states. The combined result is that the major contribution to
the oscillatory behavior of the magnetic moments is from the
minority electrons. The oscillatory behavior for the ~1119!
and the ~715! systems is identical for the two outermost
layers but deviate quantitatively for the more inner layers.
The surface iron layer shows a reduced width of the bands
with a somewhat increased exchanged splitting. Conse-
quently, the majority d band is almost filled and the system
approaches the polarization situation of a strong magnet like
Co at the surface. Accordingly, the polarization of the con-
duction electrons at the surface is reversed with respect to the
bulk.
Fe001 WITH A MONOLAYER COVERAGE OF GOLD
The gold monolayer covered Fe~001! showed a slower
convergence towards bulk properties as compared with the
uncovered system. For this reason the thickness of the slab
was increased to 19 ML. A significant difference is found in
the outermost iron layers, which are practically neutral ~7.98
and 8.06 electrons for the surface and subsurface layer, re-
spectively!, while the covering gold atom loses 0.30 elec-
trons towards the vacuum. This directly influence the behav-
ior of the magnetic moments as a function of depth ~Fig. 2!.
A rather smooth decrease of the magnetic moments is found
moving from the surface towards the bulk. The net magnetic
moment of the gold is small: 0.07 mB . These data were ob-
tained with the experimentally determined Fe-Au distance at
2.68 Å,16 and proved to be quite sensitive to the Fe-Au dis-
tance: a calculation with 2.87 Å ~about the Au-Au distance!
showed a reduction of the magnetic moment on Au to
20.0005 mB , an increase in the magnetic moment of the
outermost iron layer to 2.65 mB , and the reappearance of a
~weak! oscillatory behavior in the magnetic moments as a
function of depth.
The density of states at the Fermi level for the surface Fe
atoms differ much from the bulk-like Fe atoms, as in the case
of the clean Fe~001! surface. The partial Fe 3d density ofstates at the Fermi level increases steadily from surface to
inner layer for the spin-up electrons, while it decreases rap-
idly from the surface to inner layers for the spin-down elec-
trons, as shown from Fig. 3.
Fe001 SURFACE WITH SUBMONOLAYER Au
COVERAGE
The doubling of the unit cell in one direction perpendicu-
lar to the surface with only one gold position occupied leads
to a structure with one type of iron at the outermost layer,
two types of iron ~one directly under the Au atom, the other
under a vacuum position! at the subsurface, one type of iron
at the next layer, etc. The behavior of the magnetic moments
as a function of depth is shown in Fig. 2. The outermost iron
atom shows a moment of 2.72 mB , in between the clean
Fe~001! (2.91 mB) and the monolayer Au covered Fe~001!
(2.55 mB). The behavior of the Fe atoms in the next layer is
very different: the iron under the gold atom shows a moder-
ate reduction in the magnetic moment, whereas the iron atom
under the unoccupied part of the surface shows a strong re-
duction in the moment, resulting in a value even smaller than
the bulk value. The iron in the next layer is enhanced again
(2.35 mB). Thus, the suppression of the oscillation of the
magnetic moments by the gold at the Fe~001! surface is a
FIG. 2. Layer-resolved magnetic moments of iron from the sur-
face to the center for ~1! Fe ~001! surface covered by a monolayer
Au ~open circles!, ~2! Fe ~001! surface covered by half a monolayer
Au ~triangles down: under gold covered part, and triangles up: un-
covered part!, and ~3! Fe-Au multilayer system ~squares!.
FIG. 3. Layer-resolved density of states at Fermi energy for
spin-up ~circles! and spin-down ~squares! electrons for the Au
monolayer covered Fe ~001!.
6774 PRB 58BRIEF REPORTSvery local phenomenon: the uncovered part of the irons still
shows oscillations as a function of the distance from the
surface, while for the covered part the oscillations have prac-
tically disappeared. A similar phenomenon is found in the
Fe~001! surface covered by a quarter monolayer of gold. The
top iron layer shows a moment of 2.84 mB . The magnetic
moments for the next-to-top layer iron atoms are 2.39 mB
~iron atom under gold!, 2.44 mB @iron in the ~001! direction#
and 2.30 mB @iron in the ~110! direction#.
GOLD-IRON MULTILAYER SYSTEM
An interesting question arises: how do the magnetic mo-
ments behave in a gold-iron multilayer system, where the
gold layer in contact with the iron will not lose charge to the
vacuum? This question was examined in a calculation on a
system with 11 ML Fe, 9 ML Au. Results are displayed in
Fig. 2. There is a charge transfer of 0.15 electrons from the
interface Fe layer to the interface gold layer, in contrast with
the monolayer gold on the Fe~001! surface case. Both charge
and moments show Friedel-like oscillations, in contrast with
the Au monolayer covered Fe~001! surface case.CONCLUSIONS
In case of the clean iron ~001! surface, the outermost iron
layer loses about 0.50 electrons because of the tails of the
delocalized s and p functions extending into the vacuum. As
a function of depth an oscillatory behavior of both spin and
charge results. By analogy, in the case of the monolayer
coverage by gold one expects the outermost iron layer ~being
the second outermost layer from the surface! to adopt a nega-
tive charge, but this effect is compensated by an opposite
charge transfer to the much more electronegative gold.
Hence, no oscillatory behavior is found. In the case of a
gold-iron multilayer a charge transfer to the gold occurs and,
hence, the oscillatory behavior of the magnetic moments re-
appears. The suppression of the oscillatory behavior by gold
coverage is very local: in the case of a partially covered
Fe~001! surface, the oscillations are suppressed under the
covered part of the surface only. For all the cases a reversal
of the polarization of the density of states at the Fermi en-
ergy occurs.
ACKNOWLEDGMENTS
This work was part of the research program of the Stich-
ting voor Fundamenteel Onderzoek der Materie ~FOM! and
was made possible by financial support from the Neder-
landse Organisatie voor Wetenschappelijk Onderzoek
~NWO!.1 A. J. Freeman, C. L. Fu, S. Ohnishi, and M. Weinert, in Polarized
Electrons in Surface Physics, edited by R. Feder ~World Scien-
tific, Singapore, 1985!; R. Richter, J. G. Gay, and J. R. Smith,
Phys. Rev. Lett. 24, 2704 ~1985!.
2 H. Dreysse and C. Demangeat, Surf. Sci. Rep. 28, 65 ~1997!.
3 H. Ebert, Rep. Prog. Phys. 59, 1665 ~1996!; C. T. Campbell, Surf.
Sci. Rep. 27, 1 ~1997!.
4 L. M. Falicov, D. T. Pierce, S. D. Bader, R. Gronsky, K. B.
Hathaway, H. J. Hopster, D. N. Lambeth, S. S. P. Parkin, G.
Prinz, M. Salamon, I. K. Schuller, and R. H. Victora, J. Mater.
Res. 5, 1299 ~1990!.
5 L. N. Liebermann, D. R. Fredkin, and H. B. Shore, Phys. Rev. 22,
539 ~1969!.
6 L. N. Liebermann, J. Clinton, P. M. Edwards, and J. Mathon,
Phys. Rev. Lett. 25, 232 ~1970!.
7 C. S. Wang and A. J. Freeman, Phys. Rev. B 24, 4364 ~1981!.
8 S. Ohnishi, A. J. Freeman, and M. Weinert, Phys. Rev.B 28, 6741 ~1983!.
9 A. M. Turner and J. L. Erskine, Phys. Rev. B 30, 6675 ~1984!; P.
D. Johnson, Rep. Prog. Phys. 60, 1217 ~1997!.
10 J. Tyson, A. H. Owens, and J. C. Walker, J. Appl. Phys. 52, 2487
~1981!.
11 A. Fuss, S. Demokritov, P. Grunberg, and W. Zinn, J. Magn.
Magn. Mater. 103, L221 ~1992!.
12 R. van der Kraan, Ph.D. thesis, Katholieke Universiteit of
Nijmegen, The Netherlands, 1995.
13 R. Meservey and P. M. Tedrow, Phys. Rep. 238, 173 ~1994!; L.
E. C. van de Leemput and H. van Kempen, Rep. Prog. Phys. 55,
1165 ~1992!.
14 C. L. Fu and A. J. Freeman, J. Magn. Magn. Mater. 69, L1
~1987!.
15 H. van Leuken, A. Lodder, M. T. Czyzyk, F. Springelkamp, and
R. A. de Groot, Phys. Rev. B 41, 5613 ~1990!.
16 Y.-L. He and G.-L. Wang, Phys. Rev. Lett. 71, 3834 ~1993!.
